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Introduction
Within the wide range of building ceramic products, it highlights the great development of porcelain stoneware tile, which was developed in the 1980s as a very compact vitrified product with high technical performance. Porcelain stoneware typically has a triaxial composition comprised of kaolinitic clay, flux and filler. Firing bodies containing these three components result in a grain and bond microstructure consisting of coarse quartz grains held together by a finer bond or matrix consisting of mullite crystals and a glassy phase [1] . Because of kinetic limitations and complexities of the microstructure and phase development [2] , porcelain materials represent some of the most complicated of all ceramic materials. Mullite crystals are derived from the solid-state decomposition of the clay component, and are endowed with excellent mechanical, creep, thermal and chemical properties [3] . It has been probed that mullite content affects the mechanical properties of porcelain stoneware. Thus, it was reported that the tile strength increases with increasing mullite content [4] , [5] and [6] .
Consequently, knowledge of the kinetic of mullite formation on firing is of great importance for both enhancing the technological properties of porcelain stoneware tiles and optimising their fast-firing schedule.
Non-isothermal methods are most commonly used to perform the kinetic analysis of solidstate reactions. There are many ways to study the reaction under non-isothermal conditions.
Isoconversional methods have generally been used to determine the activation energy as a function of the reacted fraction without any previous assumption on the kinetic model fitted by the reaction. Isokinetic methods are those in which the transformation mechanism is assumed to be the same throughout the temperature/time range of interest. These methods also suppose that the kinetic parameters are constant with respect to time and temperature.
In the literature, the application of the Isokinetic Relationship (IKR) and Invariant Kinetic Parameters (IKP) methods can be found for studying the decomposition of aromatic azomonoethers [7] , polymer curing [8] , polymerisation of poly(ester amide) potassium salt [9] , nickel oxide reduction [10] , and the crystallisation of silica-soda-lead glass [11] . However, to the author's knowledge, these methods have not been previously applied to the study of mullite crystallisation in porcelain stoneware.
The aim of the present work is to apply the previous methods (isoconversional; integral and differential using a single-heating rate; and the IKR and IKP methods) to obtain the kinetics parameters of mullite formation. In order to get the n-order of the reaction and check the previous results, the Pérez-Maqueda et al. [12] criterion was used.
Experimental

Materials and methods
A standard porcelain stoneware body for tile production was prepared by mixing 50% kaolinitic clay (EuroArce), 40% feldspar (Rio Pirón) and 10% quartz sand, as previously reported [3] . The obtained data were applied to isoconversional Flynn-Wall-Ozawa [13] and [14] and Kissinger-Akahira-Sunose methods [15] ; integral and differential one single-heating rate; and the isokinetic parameter method.
Kinetic methods
Isoconversional methods
The isoconversional methods employed in this work are based on dynamic DTA analysis.
The equation for the reaction rate employed to study the degree of crystallisation can be expressed, in general, as follows: (1) where x is the extent of the reaction. Considering that Eq. (1) is valid for dynamic curing and that dx/dt = β(dx/dT), where β is the heating rate (K min −1 ) and k(T) is the rate constant expressed by the temperature-dependent Arrhenius equation, Eq. (1) can be written as:
where T is the temperature, A is the pre-exponential factor, Ea is the activation energy and R is the gas constant. Therefore, the equation can be expressed in its integral form as:
It was assumed that the p-Doyle function, P(E/RT), can be expressed according to the Ea/RT range [16] , and hence we obtain the following: 
In this case, the method does not require knowledge of the conversion-dependent function (f(x) or g(x)), and only assumes that the process follows the same mechanism of reaction for a given conversion degree, regardless of the crystallisation temperature.
Single x = x(T) curve methods
These methods obtain the kinetic parameters with a single-heating rate. In this work, we employ the following:
• the integral method known as the Coats-Redfern (C-R) method [18] :
• the differential method (D) based on Eq. (4):
For a given model (Table 1 ) and heating rate, the linear plot of the left-hand sides vs.
1/Tallowed us to obtain the Ea and A from the slope and the intercept. Two-dimensional nucleation
Three-dimensional growth of
Zero-order mechanism R 1 1 x
Phase-boundary-controlled
Phase-boundary-controlled reaction (contracting sphere)
First order reaction 
Compensation effect
The activation energy and the pre-exponential factor may be joined together by the so-called compensation effect or isokinetic relationship (IKR) through the following equation [19] and [20] :
Ln A x =α * +β * E x (8) where α* and β* are constants and the x subscripts refer to a factor producing a change in the Arrhenius parameters (conversion, heating rate and model). The intercept α* = Ln k iso is related to the isokinetic rate constant (k iso ). The slope β* = 1/RT iso is related to the isokinetic temperature (T iso ). The appearance of the IKR shows that only one mechanism is present, whereas the existence of parameters that do not agree with the IKR implies that there are multiple reaction mechanisms [20] .
According to the results reported in [19] , we may select the model whose IKR in relation to the conversion had the best linear correlation and in which the associated T iso value was near the experimental temperature range.
Invariant kinetic parameters method (IKP)
The IKP method [21] and [22] is based on the observation that the experimental curve x(T ) could be correctly described by several conversion functions. Using the apparent compensatory effect that exists when the model changes, for each heating rate (β v , v= 1 , 2 , 3 , … ) the compensation parameters and are determined according to Eq. (8) . A set of conversion functions, fj, j = 1, 2, 3, … is also considered ( Table 1) .
For each heating rate, β v , the pairs (A vj ,E vj ) characteristic of each conversion are determined using an integral or differential method. In this work, the integral method suggested by C-R (Eq. (6)), and the differential method based on Eq. (7) are used.
A plot of each of these equations should yield a straight line from which the intercept (Ln(AR/βEa) or Ln A, respectively) and slope (−Ea/R) can be obtained.
Using the relation of the apparent compensation effect, the compensation parameters and are determined for each heating rate. The point of intersection of the straight lines corresponds to the true values of A and E. These were called by Lesnikovich and Levchik [21] and [22] as invariant parameters (A inv , Ea inv ), as they are independent of the conversion, the model and the heating rate. The evaluation of the invariant activation parameters is performed using the supercorrelation:
The straight line vs . , allows us to determine the invariant kinetic parameters (Ea inv andA inv ) from its slope and intercept.
It was pointed out that the values of the invariant conversion function are proportional to their true values [23] and [24] . Therefore, the IKP method aims to determine the invariant parameters independently of the kinetic model, comparing them to those obtained using other methods. This also allows us to decide which kinetic model best describes the process.
Pérez-Maqueda et al. criterion
In order to obtain the appropriate conversion function, one can discriminate by applying the vs. 1/T) for all heating rates. This will be also used for discrimination of the conversion function [7] and [11] .
Results and discussion
In a previous work, the kinetic of mullite formation was obtained using non-isothermal DTA experiments [3] . In the present paper, employing the same experimental results, the Ea and Fig. 1 shows the variation of activation energy with crystallisation degree. As can be seen, FWO and KAS give similar results in the whole range. Differences between the models come from different approximations of the temperature integral [11] . Taking into account this figure, lower and higher crystallisation degrees have proportionate activation energies with higher standard error than medium degrees (all the data have standard errors lower than 10%). The noise may be serious when x changes slowly, e.g., at the beginning and at the end of the reaction [26] and [27] . The kinetic results can be affected by inherent errors arising from dx/dt values.
Isoconversional methods
The shape of the activation energies among the models employed is very similar. One may distinguish three different variations in activation energy. At low and high degrees, the Ea varies with crystallisation degree, whereas the main part of the reaction shows that Ea does not significantly change. In the first part (lower crystallisation degree), changes of activation energy Finally, the concave decrease of E on x may correspond to changing the mechanism from kinetic to diffusion [13] .
Single α = α(T) curve methods
The C-R and differential methods have been employed to determine the kinetic model within the range where the crystallisation degree is constant. Table 2 As can be seen in Table 2 , the integral method gives, in general, higher activation energies than the differential method [8] . The parameters obtained at a heating rate of 10 K min −1 have the worst r-squared fit in both differential and integral methods. This is because at such low heating rates, the shape of the thermogram is less defined [3] than at higher heating rates, so it is expected that this heating rate brings out more error. The rest of the heating rates have a better fit to the experimental data. A high r-squared fit is the first requirement but not the only one. A consistent pre-exponential factor and activation energy values are mandatory.
For the integral method (Table 2a) , r-squared values are higher (taking into consideration most of the heating rates) for Fn and A 3/2 , but Fn has a higher activation energy than A 3/2 . For the differential method, the r-squared value is also higher for Fn and A 3/2 but the activation energy, which is quite similar to a previous paper [3] , is obtained by R 3 , in which the r-squared value is lower than the others just mentioned. Using R 3 from differential ( Table 2b) , it can be checked that this Ea value is close to that obtained in the previous paper, where the Ligero et al.
method is applied. Table 2 shows that many models result in clear regression and that it is therefore not possible to decide which is the best. So, by employing just one heating rate, there is no way to take a suitable f(α). This table just gives us the chance to rule out some models (Dn, R 1 andR 2 ).
Currently, we can state that activation energy is over 600 kJ mol −1 from all the models assayed.
IKR method
It can be also observed in Fig. 1 that, in the range 0.2-0.6, the activation energy does not depend on the crystallisation degree. This range is where we are going to focus the application of the IKP method. Table 3 gives the results of applying the compensation effect to the conversion of models in the integral data. Differential results are not shown because they do not fit well. The results here presented are very well fitted and the T iso obtained are in range with the crystallisation peak [3] .
The T iso obtained with A 3/2 or Fn models are close to the previous work (≈985 °C). So, after applying this criterion, it is not possible to take an appropriate model, as was pointed out in The compensation effect is also applied to the data (heating rate) in Table 2 (except those data showing worse fit), and the results are listed in Table 4 . The correlated data are very similar to those shown in Table 3 . The T iso is also in the experimental range and in agreement with Table 3 . In Table 4 , r-squared data are slightly better in the differential data than in the integral data because, to calculate T iso by differential models, we have selected the best-fit f(x) functions. That is why there are less differential models than integral models, so the error of fitting in the compensation effect is lower. 
IKP method
The invariant kinetic parameters obtained are listed in Table 5 using differential and integral compensation parameters from Table 4 (Eq. (9)). The Ea and Ln A values obtained are very similar to those given in the previous paper [3] . The data are similar to model A 3/2 under the integral method and R 2 -R 3 under the differential method ( Table 2) . To test which model is correct, the Pérez-Maqueda et al. criterion has been employed (see below).
As can be seen, the invariant activation energies obtained by integral and differential models are similar. Both are close to the activation energies obtained in previous work.
Pérez-Maqueda method
The The value of n = 1.5 can be explained by assuming either of the two following mechanisms [29] : (1) instantaneous nucleation (saturation of the sites capable of nucleation prior to the process) and subsequent three-dimensional growth of the nuclei by a diffusion controlled rate, or (2) constant rate of homogeneous nucleation and one-dimensional growth of the nuclei (branching) through a diffusion controlled process. In our case, we can choose the first assumption, as it was probed in a previous paper [3] .
Conclusions
A non-isothermal kinetic study of mullite formation in porcelain stoneware has been performed. Five heating rates have been employed to obtain the activation energy, preexponential factor and, when the method allows, the function of conversion. They have been used an integral and differential single x = x(T) method and two isoconversional methods (Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa). The Isokinetic Relationship was applied to obtain T iso . The Isokinetic Parameters method was used to obtain both the activation energy and the pre-exponential factor invariant. To check the best f(x), the Pérez-Maqueda et al.
criterion was applied. As the presented results show, it can be concluded that:
The activation energy obtained from isoconversional methods is in the range of 600-700 kJ mol −1 .
From 0.2 to 0.6 crystallisation conversion, the isoconversional methods are proportionate to the activation energy and do not depend on the degree of crystallisation.
Integral and differential methods with a single-heating rate do not allow us to choose the proper f(x) for mullite crystallisation.
The T iso obtained with differential and integral data is over 985 °C. The isokinetic relationship applied to conversion and heating rates shows similar T iso .
The invariant kinetic parameters method was applied to both integral and differential 
